In this paper, swash plate active vibration control techniques were investigated utilizing the weight-limited multi-frequency two-weight notch Least Mean Square (LMS) filter with unit delay compensation and multi-frequency two-weight notch Filtered-x Least Mean Sqaure (FxLMS) filter with offline modeling to achieve adjustable swash plate vibration reduction at the desired frequency. Simulation studies of the high fidelity pump control system model including realistic swash plate moments are presented to demonstrate the feasibility of the swash plate active vibration control. A 75-cm 3 /rev swash plate type axial piston pump was modified to implement a high bandwidth pump control system which is required for canceling the swash plate vibration. High speed real-time controllers were proposed and realized using an National Instrument LabVIEW Field Programmable Gate Array (FPGA). Vibration measurements using a tri-axial swash plate acceleration sensor were conducted to show the influence and effectiveness of the proposed swash plate active vibration control system and algorithms.
Introduction
Positive displacement machines are used in many industrial applications such as construction machines, airplanes, agriculture, hydraulic hybrid vehicles, robots, etc. Axial piston machines are popular among various types of positive displacement machines due to their advantages of high pressure level, high efficiency, controllability, and compactness [1] . However, the principle of utilizing a finite number of displacement chambers/pistons in swash plate type axial piston pumps generates oscillating forces in the rotating group. These oscillation forces and resulting moments introduce vibrations to all pump parts, especially to the swash plate and the pump housing. Structural vibrations generate noise and decrease pump reliability by inducing fatigue wear [2] [3] [4] [5] . Thus, it is desirable to introduce technologies which can help to damp these vibrations. Few researchers have studied passive/active vibration control techniques utilizing the pump control system. A passive swash plate vibration control technique was investigated by connecting displacement chamber and the swash plate control cylinders [6] . Active swash plate vibration control techniques relying on human tuning of the phase and amplitude of sinusoidal cancellation signal were investigated for both even and odd pistons pumps [7, 8] . Recently, the author demonstrated the feasibility of active vibration control based on the adaptive Least Mean Squares (LMS) filter [9] . In this paper, swash plate active vibration control is investigated using weight-limited Two-weight Notch LMS (TNLMS) and Two-weight Notch Filtered-x LMS (TNFxLMS) filters to achieve adjustable swash plate vibration reduction at desired frequency.
High Bandwidth Pump Control System
The idea of swash plate active vibration control is to compensate swash plate vibration by creating destructive interference force using the pump control system [10] . High frequency of the swash plate vibration is the main challenge for the swash plate active vibration control. The fundamental frequency of swash plate moment is piston number (z) times the fundamental frequency of rotational speed. A high bandwidth pump control system structure is proposed utilizing a high bandwidth servovalve together with an electronic swash plate angle sensor and a high-speed controller as shown in Figure 1a . 
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(6) (7) Desired swash plate angle The electronic swash plate angle sensor (2) measures the angular position of the swash plate (1) . The high speed controller (3) sends control signals to the servovalve (4) which regulates fluid flow to either side of the control cylinder (5) based on the swash plate angle sensor feedback signal. The translational movement of control actuator (6) is converted to a swash plate rotational motion by the linkage system connected to the swash plate lever arm (7). Figure 1b shows a simplified diagram of the pump displacement control system including a servovalve, a swash plate control actuator, and an equivalent mass. The pump control system consists of a hydraulic part and a mechanical part. The hydraulic part consists of a servovalve, which distributes fluid to either side of control cylinders, and a control cylinder, which moves the swash plate through a linkage system according to the fluid flow entering and leaving. The mechanical part comprises the swash plate and linkage systems which convert the control actuator linear motion to the swash plate rotational motion. As a simplification, all masses of the mechanical system can be lumped together as a single equivalent mass (m eq ). This simplified pump control system model can be described by combining the force balance equation (Equation (1)), pressure build-up equation (Equation (6)), servovalve flow rate (Equation (7)), and servovalve dynamics (Equation (8)).
Pump Control System Modelling
where p nom represents a servovalve nominal pressure, Q nom represents a servovalve nominal flow rate, p s represents a control system supply pressure and y max represents a servovalve spool maximum stroke. The servovalve dynamics can be approximated as a linear second-order transfer function between an input signal and servovalve spool stroke output as shown in Equation (8) .
where ω v represents a servovalve natural frequency and ξ v represents its damping ratio. The servovalve poles are the dominant poles in the pump control system, which determines the dynamic performance of the pump control system [11] . Linearizing and combining Equations (1)- (7) at operating points (y v,OP = 0, ∆p OP = 0), the linear state space equation can be written as Equation (9) .
where
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LMS Algorithm
Adaptive filters and LMS algorithms are explained in this section based on the approach of Widrow and Walach [12] . Figure 2 shows the structure of an adaptive finite impulse response (FIR) filter. Where X k represents an input signal vector, W represents an adaptive filter weight vector, n is an adaptive filter length, and y represents an adaptive filter output signal. The error signal of an adaptive filter is defined as a difference between the desired response and the filter output signal as shown in Equation (10) . The square of error can be calculated as shown in Equation (11) . The mean square error (MSE) is defined as shown in Equation (12) .
where E[·] represents an expected value, P = E[d k X T k ] represents an input cross-correlation matrix, and R = E[X k X T k ] represents an input correlation matrix. The mean square error function, shown in the Equation (12) is a quadratic function of the filter weights. The adaptive filter changes its weights to find the minimum MSE by finding a bottom of the bowl-shaped MSE surface where the MSE gradient is zero. The gradient vector of MSE can be calculated by differentiating the MSE function with respect to filter weights. The method of steepest descent updates the weight vector according to Equation (13) ,
where µ represents a convergence factor of the steepest descent algorithm. The LMS algorithm implements the steepest descent algorithm using square errors as estimations (∇ k ) of the mean square errors as in the below Equations [12] .
Thus, the LMS algorithm can be written as Equation (16) [12] . 
Two-Weight Notch LMS Filter
The swash plate vibration consists of multiple narrowband vibrations whose frequencies are integer multiples of the swash plate moment fundamental frequency which is a piston number times the rotational frequency. Thus, narrow band LMS filters and a rotational speed sensor can be an effective combination for the swash plate active vibration controller. The benefit of using a rotational speed sensor is the ability to generate reference signals without unfavorable feedback from the vibration cancelling signal [13] . Figure 3a shows a block diagram of the feed-forward single frequency Two-weight Notch LMS (TNLMS) filter. This feedforward controller consists of two synchronized reference signal generators, two LMS algorithms, and two weights. The method uses a weighted sum of the cosine signal and the sine signal to construct an adaptive notch filter. Widrow et al. showed that the adaptive LMS filter, G(Z) can be modeled as an equivalent linear transfer function with a sinusoidal reference input as shown in Equation (17) [14] .
where A is a reference input signal amplitude and ω 0 is a reference signal frequency. Glover derived a generalized closed loop transfer function H(Z) for the length L adaptive LMS filter as shown in Equation (18) [15] .
where the stability condition of H(Z) can be derived as the below equation. 
Two-Weight Notch LMS Filter with Delay Unit Compensation
The main issue when implementing active vibration control is the generation of exactly opposite phase vibration canceling signals, which cannot be obtained without compensating system dynamics and sensor delays. Filtered-x Least Mean Square (FxLMS) algorithms, which include delay-compensating filters before the LMS algorithm, have been used to compensate this phase difference between vibrations and control signals. The TNLMS filter with delay unit compensation is a simple form of a FxLMS filter which has delay units before the LMS algorithm and adjusts phase lags of the system transfer function (S(Z)) as shown in Figure 3b . With the delay unit compensation, the filter output can be calculated as Equation (20).
The weights are updated by the LMS algorithm with delayed reference signals as shown in Equation (21) [13] .
where ∆ represents delays.
Two-Weight Notch FxLMS Filter with Offline Modelling
A Two-weight Notch FxLMS (TNFxLMS) filter can be constructed by using a system transfer function estimation (Ŝ(Z)) instead of the delay unit used in Figure 3b . Figure 4a shows a TNFxLMS filter. With the system transfer function estimation (Ŝ(Z)), LMS filter weights are updated by the estimated system transfer function outputs (x 0 (n) and x 1 (n)) instead of reference signals (x 0 (n) = cos(ω 0 ) and x 1 (n) = cos(ω 1 )) as shown in Equation (22). The stability condition of FxLMS filters with system transfer function estimations is explained in detail as below [13, 16] . Assume the disturbance signal (d(n)) and the system transfer function estimation (Ŝ(Z)) as Equation (23). The error signal can be expressed as Equation (24),
where A ω and φ ω are an amplitude and a phase of W(Z) at frequency ω 0 . Setting the error equation to zero, the required amplitude and phase of W(Z) can be calculated as Equation (25),
The open loop transfer function G(Z) which represents the relationship between the error signal (E(Z)) and the output signal (Y(Z)) was presented by Elliott and Nelson [16] as Equation (26),
where φ s and A s are the phase and the amplitude of S(Z). From Equation (26), the transfer function between the disturbance signal (D(Z)) and the error signal (E(Z)) can be calculated as Equation (27),
where β = µA 2 A s . The effect of system transfer function estimation accuracy (φ ∆ ) was investigated by Widrow and Stearns [17] as Equation (28),
where φ ∆ = φ s − φŝ. The poles of Equation (28) can be calculated as below equation which are complex conjugate poles with radius r p .
Since µ, A 2 , and A s are all positive values, β is also a positive value. The pole radius is larger than unity only when cos(φ ∆ ) is negative. Therefore the stability condition can be written as Equation (30).
Lastly, slower adaptation speed of the FxLMS algorithm presented with lower estimation accuracy [18] .
Swash Plate Active Vibration Controller
The swash plate active vibration controller consists of a feedback controller part and a feedforward controller part as shown in Figures 5 and 6 . The feedback controller is a pump displacement controller which manages the closed loop displacement control using an electronic swash plate angle sensor. A Proportional-Integral-Derivative (PID) controller can be used for the pump displacement control. The feedforward controller is a vibration controller which utilizes a rotational speed and a swash plate acceleration to generate anti-phase vibration cancelling signals which make destructive interference forces. Two different vibration controllers are developed for the swash plate active vibration control. One is the multi-frequency two-weight notch least means square (MTNLMS) filters with delay unit compensation as shown in Figure 5 . The other controller is the multi-frequency two-weight notch filtered-X least mean squares (MTNFxLMS) filter with offline modeling algorithm as shown in Figure 6 which has estimated plant model instead of the delay unit compensation. The swash plate active vibration control procedure can be explained as follows. While the displacement controller maintains the desired swash plate angle utilizing an electronic swash plate angle sensor feedback, pump rotational speed is measured and converted to harmonic frequencies of the swash plate vibration which will be used to generate cosine and sine reference signals. The reference signals proceed to the LMS algorithm through delay units or estimated model to compensate pump control system dynamics and sensor delays. The LMS algorithm updates adaptive filter weights to minimize the swash plate acceleration error signal. Also, the estimated pump model can be determined by offline modeling techniques or online modeling techniques [13] . Figure 4b describes the off-line plant modeling technique using an adaptive LMS filter. Assuming the unknown plant (P(Z)) is a time-invariant system, the plant can be modeled using an length L FIR filter [13] . Utilizing an input signal (x(n)) and an error signal (e(n)) of the unknown plant, the LMS algorithm updates adaptive filter weights to create a filter output (y(n)) which minimizes the error signal (e(n)). As a result, the adaptive filter replicates the unknown plant response.
Swash Plate Active Vibration Control Simulation
Feasibility of the proposed controller was investigated utilizing Matlab Simulink (2016a) simulations prior to field-programmable gate array (FPGA) implementation and experimental study. A linearized pump model and the measured swash plate acceleration from a 75 cm 3 /rev swash plate type axial piston pump were used for this simulation study. The measured swash plate acceleration is added to the simulation. The swash plate acceleration is measured from an acceleration sensor attached to the swash plate side. The measurement operating conditions were 800 rpm rotational speed, 7°swash plate angle, and 75 bar delivery pressure. A 5 ms signal delay was added to the linear model acceleration signal output to replicate delays of a real pump control system. Added delays and pump control system phase lags are compensated by delay unit compensations of the active vibration controller. Figure 7a shows the simulated swash plate acceleration with the swash plate active vibration control. The active vibration control is activated at 10 s and deactivated at 30 s. In the simulation, the active vibration control successfully reduced added swash plate acceleration by controlling the swash plate. Instead of using delay units for compensation of the pump control system effects, estimated pump control system models were used to compensate pump control system dynamics and sensor/actuator delays in the MTNFxLMS algorithm. The off-line plant modeling technique modeled the pump control system response prior to use of the swash plate active vibration control. Figure 9 shows the off-line modeling simulation result using a linear pump control system model when an impulse input signal is applied at zero seconds. The offline plant modeling simulation was conducted using a 160-length adaptive FIR filter at 50 bar control pressure and 0 bar delivery pressure.
The simulated swash plate acceleration with a MTNFxLMS with an offline plant modeling algorithm is shown in Figure 10 . Figure 10a shows a time domain acceleration change and Figure 10b presents a frequency domain acceleration comparison which demonstrates acceleration reduction at five harmonic frequencies. Adaptive filter weights corresponding to five harmonic frequencies were plotted in Figure 11 . The weights demonstrated that the MTNFxLMS filter with an offline plant modeling algorithm can maintain a stable operation. 
Active Vibration Control Pump Development
A 75 cm 3 /rev swash plate-type axial piston pump was selected as a reference machine for an experimental study of the swash plate active vibration control after consideration of operating conditions and sensor installations. The modified high-bandwidth pump control system consists of a high response direct drive servovalve (Parker D1FP, bandwidth 350 Hz at 5% input signal) (1); an electronic swash plate angle sensor (Contelec Vert-X 31E) (2); a swash plate acceleration sensor (3); a rotational speed sensor (4); a high performance real-time controller (NI cRIO-9033) (5); and a current-to-voltage converter (Viewpoint systems 64-VCC) (6) as shown in Figure 12 . Direct swash plate acceleration measurements from the swash plate were planned for accurate swash plate vibration measurements. A piezoelectric type tri-axial acceleration sensor (PCB W356A12) was selected for the swash plate vibration measurement. The swash plate acceleration sensor was thread-mounted on the custom-made mounting base which was welded on the side of swash plate as shown in Figure 13 . The proposed swash plate active vibration controllers utilize a rotational speed to find the swash plate moment fundamental frequency which will be used for generating sinusoidal reference signals for feedforward-type adaptive LMS filters. Since the rotational speed of hydraulic pumps/motors fluctuate due to existing torque pulsations and flow ripples, an accurate rotational speed measurement is very important for the swash plate active vibration control performance and stability. A high accuracy rotational speed sensor (Heidenhain ROD426) which can output 9000 pulses per revolution was installed for the precise rotational speed measurement. Figure 14 shows the hydraulic circuit used for active vibration control experimental tests. An electric motor was installed to drive the active vibration control pump. The pump inlet pressure and the control pressure can be adjusted individually by setting the relief valves (1) and (2) respectively. By setting the loading relief valve (3) at the pump discharge line, the pump delivery pressure was determined. The swash plate active vibration control system was implemented at 10 kHz sampling frequency through NI cRio-9033 chassis, NI9401 digital I/O module, NI9263 analog output module, NI9234 integrated electronic piezoelectric (IEPE) analog input module, NI9205 analog input module and LabVIEW FPGA. Figure 15 shows the installed active vibration control pump. The swash plate active vibration control experimental tests were performed for both TNLMS filter with delay unit compensation and TNFxLMS filter with offline modeling algorithms. Figures 16 and 17 show experimental test results at 1000 rpm rotational speed, 140 bar delivery pressure, 14.8°swash plate angle, and 25 bar inlet pressure setting. Only the second harmonic swash plate acceleration was reduced using the swash plate active vibration control since the second harmonic frequency is the most dominant acceleration component as shown in FFT plots below. Also, to adjust vibration reduction level, the adaptive LMS filter weights were limited as shown in Figures 16 and 17 . Different limits were applied to adaptive LMS filter weights of the first, second, and third rows in Figures 16 and 17 such as 1, 0 .6, and 0.4, respectively. Accordingly, the second harmonic swash plate accelerations showed approximately 66 percent, 40.8 percent, and 30.4 percent reductions at the first, second, and third rows respectively. When comparing measurement results to the simulation results shown in Figure 7 and 10, one can observe the following: in simulation, the controller action influences/reduces only the targeted frequency vibration without impacting on other frequencies while the measurement shows a different behavior. The measured swash plate acceleration showed acceleration changes for a wide frequency range even when the controller was used to reduced only a single frequency swash plate vibration. Measurement results in Figures 16 and 17 show that while reducing the second harmonic swash plate acceleration through the swash plate active vibration control, also higher harmonic accelerations showed amplitude reductions. The authors published a comparison of simulation and experimental test result for multi-frequency swash plate active vibration reduction [9] . 
Swash Plate Vibration Experimental Test Results
Conclusions
The aim of this paper is to investigate the possibility of active vibration reduction using direct swash plate control. For the first time, advanced adaptive control concepts were investigated and proposed for the swash plate vibration reduction. The proposed active vibration control system was implemented and confirmed to be effective with measurements of swash plate accelerations. Adjustable acceleration reduction at targeted frequency was achieved using the weight-limited MTNLMS filter with delay unit compensation and the MTNFxLMS filter with the offline modeling algorithm. Test results utilizing the proposed controllers showed effective swash plate vibration reductions at targeted frequency. The developed high-bandwidth swash plate control system was realized using a high-speed direct drive servovalve, an electronic swash plate angle sensor, and the National Instrument cRIO-9033 controller via FPGA. A directly mounted tri-axial swash plate acceleration sensor enabled accurate vibration measurements utilized for the swash plate active vibration control.
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